We describe a low-cost, desktop-scale apparatus to demonstrate forced convection heat transfer. The device is designed to be useful at different levels of the undergraduate engineering curriculum. Using manual controls, students in an introductory heat transfer class can perform measurements to help them learn about convection and heat transfer coefficients. Both the power input and fan speed are controlled with PWM signals from an Arduino. Temperature measurements are performed with a thermocouple signal conditioning board that sends the temperature readings as a digital values to the Arduino. The device is simple to operate so that no detailed knowledge of data acquisition, electrical power control or fan speed control is required. Students in an instrumentation or controls course could use the USB interface to the Arduino to collect data and/or reprogram the Arduino to perform feedback control.
Six of the devices with varying sized heat sinks were used in a trial homework assignment in an undergraduate heat transfer course with 75 students in Spring 2015 and in another section of the same course with 57 students in Winter 2016. At this point, we have no quantitative assessment data.
Overview
Though laboratory exercises are a standard part of an engineering curriculum, there are a wide variety of ways that labs can be implemented. In recent years a number of simple experiments have been developed that help to make laboratory instruction more cost effective and to get equipment into the hands of as many students as possible. Simple, desktop scale experiments in heat transfer have been implemented by engineering instructors 1, 2, 3, 4, 5, 6 . For example, faculty at the Washington State University have developed a system of desktop experiments with interchangeable parts 7, 8, 9, 10 . The WSU group has also recently developed compact and inexpensive experiments using 3D printed and vacuum-formed parts 11, 12 . A commercial vendor has introduced a line of compact, inexpensive desktop scale experiments 13 .
In this paper we describe a simple desktop apparatus designed to help undergraduate engineering students gain physical intuition and deeper understanding of forced convection heat transfer. Apart from a 12 VDC power supply, the device is completely self-contained and can be operated via a control panel with two toggle switches and two control knobs. A small LCD display indicates the operating condition with numerical data that can be recorded by hand. The device is designed to be simple to operate so that it can be used in a homework assignment that requires a student to visit a lab for roughly one hour to collect data, and then do some analysis of that data. For this use case, no detailed knowledge of data acquisition or instrumentation or electronics is required.
Excluding plywood, acrylic, and miscellaneous fasteners, which can be obtained in bulk and for low cost, the electronic components for the device can be purchased for about US$110. A bill of materials for electrical components is provided in the Appendix. The acrylic duct, the face of the control panel and the plywood base of the heater assembly can be cut with a common, 60W laser cutter. Labor to assemble the device is not trivial, but apart from the laser cutting and some work with a table saw, only soldering, wiring and assembly with basic hand tools are necessary. Six copies of this apparatus were fabricated, using a reasonably wide range of pin fin geometries.
Combining different geometries and fan speeds makes it possible for students to compare results for different physical variables.
We believe that student learning can be enhanced by performing experiments that focus on basic concepts. The goals of the exercise are to give students concrete experience with heat transfer measurements, and to demonstrate that a heat transfer coefficient is based on empirical results, and does not originate from a formula in a textbook. Of course, more complex experimental setups and exercises are also important. Our approach with the simple convection experiment is to show that when forced convection dominates, and the fluid properties are constant, the relationship between power input and device temperature is linear, and that the slope is determined by the heat transfer coefficient. We want students to understand that the heat transfer coefficient comes from experimental (or analytical) observations.
The desktop convection device can also be used for more advanced educational exercises. The electrical operation is controlled by an Arduino, which can be reprogrammed by connecting it to a computer with a USB cable. Thus, the same device can be used to introduce sensor interfacing and data collection, or to study feedback control of thermal systems. Those applications are not discussed here.
Motivation: A conceptual exercise for an undergraduate heat transfer course
We introduce the convection experiment to students with a thought experiment. For additional course materials, including lecture slides and laboratory worksheets, visit http://web.cecs. pdx.edu/˜gerry/expt/convection/.
Consider a lightbulb exposed to a moving air stream as depicted in Figure 1 . Suppose that the air velocity, u ∞ , and the temperature of oncoming air, T ∞ , are known and constant. What happens to the temperature of the lightbulb as the dimmer is adjusted from darker to brighter?
The electrical power input to the light bulb is P = V 2 R where V is the voltage supply and R is the electrical resistance of the lightbulb. We can change the power input (or power dissipation, if you prefer) of the lightbulb by changing the applied voltage, V . Suppose we conduct the experiment where V is varied and the temperature of the lightbulb is measured. Which of the plots in Figure 2 represent the trend of T as a function of electrical power input P = V 2 /R? Remember that the air temperature and air velocity are assumed to be constant.
Using our physical reasoning, and perhaps some life experience, we conclude that as long as u ∞ and T ∞ are constant, the temperature of the lightbulb will increase as the electrical power consumed by the lightbulb increases. Therefore, the T = f (V ) trends in Figure 3 are plausible. Option X was not present in the original set of choices.
The lightbulb example is a familiar scenario chosen to motivate thinking about heat transfer from an object to a moving air stream. To make measurements that confirm (or not!) the trends depicted in Figure 3 , we use an apparatus represented by the schematic in Figure 4 . That device allows more carefully controlled heat transfer experiments.
The central component of the experimental apparatus is an aluminum pin-fin heat sink attached to a thin plywood board. The heat sink and plywood board are mounted horizontally in a 16 cm long duct that has an 8 cm by 8 cm cross section. Attached to the base of the heat sink is a power resistor that heats up when connected to a voltage source. The current through the resistor, and hence the magnitude of the heat input, is controlled by a MOSFET that receives a PWM signal from the Arduino. Thermocouples at the interface between the heat sink and mounting board measure the temperature of the heat sink. A small axial fan is mounted in a pocket at one end of the duct. The speed of the fan is controlled by a PWM signal from the Arduino. By sliding the fan out of the pocket and flipping its orientation, an operator can also change the direction of the flow so that the heat sink is either upstream or downstream of the fan. The experimental opportunities are to measure the temperature of the heat sink as a function of power input, fan speed and flow direction, and then convert those measurements to heat transfer coefficients.
The lightbulb experiment in Figure 1 and the heat sink experiment in Figure 4 are qualitatively similar. Both have a source of adjustable heat input and both are cooled by a flow of air. The heat sink apparatus allows more control over the experimental conditions and temperature measurements, and therefore can achieve more precise and repeatable results. The power resister allows easier control of the heat sink using low DC voltage levels, which makes the apparatus safer and allows us to infer the power dissipation from the PWM duty cycle. The air flow is confined by the duct and controlled by fan speed, creating more repeatable environmental conditions. The Aluminum heat sink is highly conductive and therefore has a more uniform temperature, which allows a single measurement at the base of the heat sink to represent the surface temperature of the heat sink.
The heat sink apparatus enables collection of data to determine which of the curves in Figure 3 Thermocouple Fan
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Power resistor (heater) Figure 4 : Schematic of the apparatus for studying convective cooling of a heat sink.
describes the relationship between T and P (or T and V ). The basic procedure is 1. Choose a fan speed;
2. Apply a known voltage to the heater (power resistor);
3. Measure T at the base of the heat sink.
By varying the voltage input and measuring T at each voltage setting, i.e., by repeating steps 2 and 3 for different values of V , we collect a set of T = f (P ) data, where P = V 2 /R and R is the electrical resistance of the power resistor.
The heat sink apparatus can also be used to conduct other experiments, such as,
• Hold the heater power constant and vary the fan speed;
• Change the direction of the fan so that the heat sink is either upstream or downstream of the fan, thereby changing the flow field; and
• Move the heat sink assembly along the axis of the duct: closer or farther from the fan.
These experiments are simple to execute. For a class with a large number of students, different groups can perform different types of experiments and compare their results.
Hardware Figure 5 is a photograph of the apparatus. The duct holding the fan and heat sink is in the upper right quarter of the photo. The lower right quarter of the photo shows the Arduino and prototype shield (far right), a thermocouple conversion board (center) and MOSFET board for controlling the heater power (center left). Below the thermocouple and MOSFET boards is a screw terminal that distributes 12 VDC power to the heater, fan and Arduino. The power supply that connects to the screw terminal is not shown.
The lower left quarter of Figure 5 shows the control panel, which has toggle switches to turn the fan and heater on and off. The control panel also has rotary potentiometers that allow the fan speed and heater power to be adjusted. Figure 7 is a photograph of the duct and heat sink assembly separated from the apparatus. The duct assembly rests on two wooden blocks that form a cradle attached to the large plywood base. The duct assembly can be removed so that it could be used in a different experiment. Electrical connections to the fan are made through a four-pin connector. Fan speed is controlled by a PWM signal from the Arduino. The fan speed potentiometer on the control panel sets a voltage that is read from one of the analog input pins of the Arduino. The voltage reading on that channel is used to set the PWM duty cycle that controls the fan speed. The heater control circuit uses the same strategy. A potentiometer on the control panel sets a voltage level that is read by the Arduino, which is then used to determine the PWM duty cycle to drive the MOSFET supplying power to the heater. Figure 8 identifies the width W , length L and height H parameters of the heat sink. Let n W and n L be the number of fins in the W and L direction, respectively. Table 1 lists the physical characteristics of the six heat sink assemblies available to our students for testing. Each heat sink assembly is identified with a single letter tag, A-F. Students use the tag and Table 1 to obtain the physical dimensions of the heat sink in the apparatus for their particular experiment. The electrical resistance of the heater (resistor) is labeled on base of the heat sink, and also listed in Table 1 .
The heater power leads and the thermocouple are attached via separate screw terminals on the thermocouple board and the MOSFET board, which are in turn securely mounted on the main platform of the apparatus. Students do not alter this wiring, but it is helpful to see the connections between the components. By intention, most of the wiring is not hidden. Figure 9 is a close-up view of a heat sink assembly, which consists of an aluminum heat sink, a support pedestal and a base. The support pedestal and the base are laser-cut from 3.2 mm (1/8 inch) thick plywood. The pedestal has a smaller footprint than the heat sink, so it is not visible in Figure 9 . The pedestal provides a substrate for embedding the thermocouples which have their metal junctions in contact with the bottom of the heat sink. The pedestal is attached to the plywood base by wood glue. Through-holes in the pedestal and base are aligned to allow four screws inserted from the bottom of the base to secure the metal heat sink to the heat sink assembly. Figure 10 is a photo of the base and pedestal components of the heat sink assembly. The opening in the C-shaped pedestal provides a pocket for the power resister that supplies heat to the heat sink.
The support pedestal and base are joined with wood glue. Three thermocouples are embedded in grooves machined in the support pedestal. The K-type thermocouples have welded junctions that are located at the end of the grooves such that they protrude very slightly in order to make good thermal contact with the heat sink. The thermocouples are permanently secured in the grooves with epoxy. The dark stains near the thermocouple wires in Figure 10 are from epoxy residue absorbed into the relatively porous plywood.
The user locates the heat sink assembly in the duct by mating the tabs on the side of the heat sink assembly into a corresponding set of notches on two acrylic rails that are glued to the side walls of the duct. Seven discrete axial positions are possible. Except for students with very large hands, the axial position of the heat sink assembly can be adjusted by reaching into the open end of the duct. The top of the duct is also removable to aid in positioning the heater assembly.
Operation
Refer to the annotated image of the control panel in Figure 6 . Both the fan and the heater are controlled by on/off toggle switches and potentiometers. The fan and heater settings are displayed on the LCD panel along with the temperature at the base of the heat sink and the temperature of the reference junction in the thermocouple digitizing board. The fan speed and heater power are qualitatively indicated by the brightness of the green LED and the brightness of the red LED, respectively.
The following steps allow measurement of the heat transfer coefficient.
1. Connect a 12 VDC power supply to the plug on the front of the device. This causes the LCD to flash a start-up message and then display values of the 8-bit PWM settings of the fan speed and heat power, along with the temperature of the thermocouple at the base of the heat sink. 
Data analysis
Power input to the heater is
where V in is the voltage input and R is the resistance of the power resistor. Table 1 lists values of R for the resistors used as heaters. Assume that the mean voltage supplied to the heater is
where V s = 12 VDC is the supply voltage and p is the 8-bit PWM setting displayed on the LCD panel. 
Transient response to step changes in power
To demonstrate performance of the system, data was collected with the heat sink labeled E in Table 1 . Figure 11 shows the transient response of the heat sink thermocouple resulting from two changes in power setting. After a step change in power level, the temperature response is an exponential decay to a new steady state value. If the heat sink can be treated as a lumped mass, the model for the temperature transient T (t) is
where T ss is the steady state temperature, T i is the initial temperature, and τ is the thermal time constant of the heat sink in the air stream. Students may wish to estimate τ from measurements of T (t), but that is not necessary for determining the heat transfer coefficient. At the least, Equation (3) provides a mental model for the transient approach to steady state.
Analysis of steady-state measurements
In steady state, we expect
where Q c is the convective heat loss, h is the heat transfer coefficient, A is the surface area of the heat sink, and T a is the ambient temperature. Not all of the electrical input power is lost by the heat sink directly to the air flow. Some of the heat is conducted out of the power leads, a smaller amount is conducted out of the thermocouple leads, and some heat is conducted down into the base where it is lost by convection to the moving air stream. Some additional heat is lost by radiation. A more carefully designed experiment would use insulation and careful wire routing to minimize these parallel heat losses. The current design was chosen to keep the apparatus simple and as physically transparent as possible.
Let Q o be the heat loss by conduction and radiation, i.e., heat losses other than convection from the surface of the heat sink. The total power input Q in is the sum of the convective loss and the other losses.
Substituting Equation (5) into Equation (4) and rearranging gives
Thus, we expect a linear relationship between ∆T and Q in , with a constant offset due to Q o . Note that the secondary heat loss term, Q o , will also be a function of both T and the air flow rate because conductive heat losses down the heater and thermocouple leads will increase with heater temperature while also being affected by the air flow over those exposed (but electrically insulated) wires. Though we do not include an explicit model for Q o in the analysis, we introduce this term so that students will understand that other modes of heat transfer are present, and that Q in will not, in general, be equal to Q c . Figure 12 is a plot of sample data obtained by letting the heat sink temperature come to steady state after adjusting the power through a series of settings. Averaging the data from the plateaus of T (1) and (2) gives the data in Table 2 . Note that the temperature data in Figure 12 was obtained by capturing the output from the Arduino over a USB connection to a laptop. In the most basic use of the apparatus, the output is recorded manually from the values displayed on the control panel. Figure 13 is a plot of the data in Table 2 along with the least squares fit
Typical steady-state results
The least squares fit gives c 1 = 1.286
• C/W and c 2 = 8.97
• C. Equation (6) suggests that the data should follow a straight line with slope c 1 = 1/(hA) and intercept c 2 = −Q o /(hA). Instead the data are convex downward, with a sharp fall off as Q in approaches 0. Furthermore, the value of c 2 is positive, suggesting that Q o < 0 (a heat gain from the ambient), which is not plausible.
A better visual correlation is obtained if the data is separated into two ranges of ∆T as shown in Figure 14 . The higher intercept for the data with higher ∆T is consistent with higher Q o . A more careful experiment would control Q o and include corrections for heat loss down the heater leads. We have repeated the experiment numerous times with different heat sinks from Table 1 results are qualitatively similar. The negative Q o is troubling. We suspect that we will need to redesign the apparatus to better control Q o . We may also need to do a better job of estimating the magnitude of Q in than simply using the duty cycle of the PWM signal and the nominal input voltage.
Prototype exercise for students
The convection apparatus can be used in a dedicated laboratory class or as an in-class demo for lecture. We chose a third option, namely to treat the exercise as a homework assignment that required students to visit lab during posted times. Of course, there is no one right way to use the apparatus, though it was designed to be both compact and easy to operate to enable the homework model of use.
In Spring 2015 the apparatus was used in an unstructured homework assignment. Students were asked to make measurements and extract data with minimal guidance. The results were discussed in class, which allowed students opportunity to ask questions and learn from each other's measurements.
In Winter 2016 a more structured procedure was followed, and the experiment was conducted almost entirely independent of lecture. Students completed the following steps.
1. Watch a short screencast describing the apparatus. Additional details are provided at http://web.cecs.pdx.edu/˜gerry/expt/convection/. The grade for the assignment was a combination of pre-quiz, post-quiz and report scores. We anticipate using the homework model again in the future.
In step 3 students were asked to perform one of two experiments, called experiment A and experiment B. In experiment A, the fan speed was held constant and the power input to the heater was varied. In experiment B, the power to the heater was held constant and the fan speed was varied. Students worked in groups of two, and during most lab sessions there were several groups performing measurements in parallel. This created opportunities for students to discuss how to plan and execute the measurements, and what results to anticipate.
Discussion
The desktop heat transfer apparatus was tested for two different offerings of a junior-level heat transfer class for Mechanical Engineering students. We did not plan sufficiently ahead to obtain IRB approval that would allow us to report on assessment data collected during the exercise. We consider our first trials with this apparatus to be shakedown tests. We now know enough about the performance of the apparatus and how students experience the exercise that we are prepared to design a structured assessment of student learning. Due to scheduling constraints, that outcome measurement will be delayed until the 2016-17 academic year.
Despite the lack of formal and quantitative assessment data, we are encouraged by our first tests with the apparatus. In Winter term 2016, the author, who was not the instructor in the heat transfer course, was present during all of the lab sessions. That provided an opportunity to observe and interact with students. The subjective evaluation is that the exercise was a success. Questions about the behavior of the system arose naturally as students worked to understand the physics as well as the role of data reduction for the measurements.
Students generally had favorable reactions to the exercise, even though it required them to spend an additional 1.5 hours in a lab to collect data in order to complete the homework assignment. Student recommendations at the completion of the exercise involved either technical recommendations to improve the apparatus, or requests for more organized presentation of background information. These improvements can be implemented relatively easily.
The apparatus was designed so that it could be used for more advanced educational experiments that would be relevant to courses on instrumentation and controls. The software on the Arduino microcontroller can easily be replaced with a temperature controller that adjusts fan speed to keep the heat sink at a constant temperature. A separate data acquisition system could be connected to monitor more temperatures and correct for heat losses down sensor leads. These more advanced experiments have not yet been attempted as instructional exercises.
Readers interested in more details are encouraged to visit http://web.cecs.pdx.edu/ gerry/expt/convection/ and contact the author via links on that page.
